A b s t r a c t. The quality determination of biofuels requires identifying the chemical and physical parameters. The key physical parameters are rheological, thermal and electrical properties. In our study, we investigated samples of diesel blends with rapeseed methyl esters content in the range from 3 to 100%. In these, we measured basic thermophysical properties, including thermal conductivity and thermal diffusivity, using two different transient methods -the hot-wire method and the dynamic plane source. Every thermophysical parameter was measured 100 times using both methods for all samples. Dynamic viscosity was measured during the heating process under the temperature range 20-80°C. A digital rotational viscometer (Brookfield DV 2T) was used for dynamic viscosity detection. Electrical conductivity was measured using digital conductivity meter (Model 1152) in a temperature range from -5 to 30°C. The highest values of thermal parameters were reached in the diesel sample with the highest biofuel content. The dynamic viscosity of samples increased with higher concentration of bio-component rapeseed methyl esters. The electrical conductivity of blends also increased with rapeseed methyl esters content.
INTRODUCTION
The main advantages of biofuels are that these fuels are nontoxic, biodegradable and renewable, and hold the potential to reduce engine exhaust emissions. One of Europe's most important biofuels is fatty acid methyl esters (FAME), which is manufactured mainly as rapeseed methyl esters (RME). RME is added to regular diesel fuels in an amount of up to 7% (Merkisz et al., 2016) . The properties of rapeseeds and their products are described in Kovalyshyn et al. (2013) , Novák (2011) , Merkisz et al. (2016) , and KachelJakubowska et al. (2017) . The properties of various types of biofuels were investigated. Out of a number of vegetable oils, only a few are used commercially for biodiesel production. Due to various limitations of edible oil, nonedible oils are becoming a profitable choice. So far, a very low percentage of biodiesel has been used successfully in engines. There is continuing research on improving the biodiesel usage level.
Recently, it has been demonstrated that blended biodiesel from more than one feedstock provides better in-engine performance. For example, Liaquat et al. (2013) , who studied the impact of coconut biodiesel blends on engine performance and emission characteristics, found that while the torque decreased and specific fuel consumption increased (compared to that of net diesel fuel), the emissions of HC and CO and sound levels were lower. Ruhul et al. (2016) and Abedin et al. (2016) also compared the impact of biodiesels made from non-edible feedstock on engine performance and emission characteristics. Rahman et al. (2017) investigated biodiesels made from microalgae and their effect on diesel engine performance.
To determine the quality of biofuels, it is necessary to identify the basic chemical and physical parameters of the feedstock. The key physical parameters are rheological, thermal and electrical properties, although other parameters could also be suggested. The methodology and results of direct thermal properties measurements performed on biofuels are presented by Machado et al. (2012) . Yamane et al. (2001) , Boshui et al. (2010) , and Pelegrini et al. (2017) presented general oil, bio-oil, fuel and biofuel characteristics and their influence on thermal and rheological properties. Selected mechanical properties of pellets and biofuels were examined by Kubík and Kažimírová (2015) , while rheological properties, such as kinematic and dynamic viscosity, were measured by Trávníček et al. (2013) . Kosiba et al. (2016) investigated the rheological profiles and degradations of blends of new and used motor oils, while Kumbár et al. (2015) described the physical and mechanical properties of bioethanol and gasoline blends. Temperature dependencies of density and kinematic viscosity for petrol, bioethanol and their blends were measured by Kumbár and Dostál (2014) , and the distribution of wear particles in oil samples and its influence on viscosity was evaluated by Kučera et al. (2016) . M´Peko et al. (2013) found that the impedance spectroscopy is a sensible alternative and reliable analytical approach for distinguishing among different feedstock-related biodiesels, and for monitoring certain biofuel properties (such as viscosity and interrelated parameters) usually connected with fatty acid structural profiles in biodiesel fuels.
Measurements of complex permittivity and conductivity make it possible to efficiently survey the diverse steps of the industrial-scale production process, from raw material conditioning to final product quality control (El Khaled et al., 2016) . Moreover, electrical measurements are nondestructive and require relatively small sample volumes. Electrical conductivity can also be used in measuring the content of some components, the impurities and other parameters in liquid fuels determination (Prieto et al., 2006; Žák and Marek, 2016) .
This article presents certain selected physical properties of RME biodiesels in relation to those of conventional diesels. The aim of the research is to determine the changes of selected physical properties with increasing RME content in diesel.
MATERIALS AND METHODS
Dynamic methods of measurement, which are quicker than static methods, are in widespread use in modern physical research. Dynamic methods provide a quick way to obtain the characteristics of a material. This fact is very important for the practice. Herein, measured parameters are defined and the thermal, rheological and electrical measurement methods which were used for physical parameter detection are described. The measured diesel samples had different RME contents. The first sample was pure diesel and the subsequent measured samples had RME concentrations ranging from 3% to almost 80%, respectively. All measured samples were stored in special bottles, and all samples were measured at various temperatures. Temperatures below 0°C were obtained by cooling the samples in dry ice. For higher temperatures, the samples were heated using an IKA RCT device Basic Safety Control.
Thermal conductivity λ, is the property of a material which relates to its ability to conduct heat. Thermal conductivity is defined as the quantity of heat transmitted through a unit surface to a unit temperature gradient in unit time. This thermophysical parameter depends on a number of factors, including material structure, pressure, chemical content, temperature, etc. When neighbouring molecules collide, energy is transferred from the more energetic to the less energetic molecules (Sahin and Sumnu, 2006) . Thermal conductivity is mathematically defined by Fourier's law:
where: q  is the heat flux vector, while grad T is the temperature gradient. The unit of thermal conductivity is W m -1 K -1 . Thermal diffusivity a characterizes the velocity of temperature equalization in materials during non-stationary processes. Numerically, it is equal to the unit volume temperature change induced by heat which is transferred in unit time, by unit surface of coat with unit thickness, in unit temperature difference on the facing side. The unit of thermal diffusivity is m 2 s -1 . Thermal diffusivity of homogeneous materials is expressed as:
where: the product c ρ is volume specific heat, while c is mass specific heat and ρ is density of the material. Effusivity (e) of the sample is defined by Eq. (3):
(3)
The thermal parameters of the tested diesel blends were measured using two transient methods: hot wire (HW) and dynamic plane source (DPS), so as to compare the quality of results. ISOMET 2104 (Applied Precision Ltd.) with needle and surface probes was used for all measurements. ISOMET 2104 is a portable measuring instrument used for the direct measurement of thermophysical properties of a wide range of materials. In the literature (Sahin and Sumnu, 2006) , the HW method is preferred, although with the appropriate arrangement of experimental apparatus, DPS method can also be used. The HW method is a transient dynamic technique based on the measurement of the temperature rise of a linear heat source (hot wire) embedded in the tested material (Assael et al., 2008; Kadjo et al., 2008) . For an infinitely long metallic wire (length/ radius ratio >> 200) heated at the time span t > 0, with a constant heat flux per length unit q and immersed in an infinite homogeneous medium, thermal conductivity and diffusivity: λ and a, and with uniform initial temperature, the temperature rise ΔT (t) of the wire is given by Eq. (4) (Wechsler, 1992) :
with: C = e γ = 1.781, where γ is the Euler's constant (γ = 0.5772) and F 0 is the Fourier number defined by:
Equation (4) is the analytical solution of an ideal thermal conductive model valid for F 0 >> 1 and without convective transfers wherein r 0 is the distance from the hot wire (Tavman, 1996) . From this ideal model and with known q values, sample thermal conductivity can be calculated by:
where: dT/d (ln t) is a numerical constant deduced from experimental data for t values which satisfy the condition F 0 >> 1. For practical applications of the HW method, wire and material sample dimensions, among other ideal model hypothesis, are finite and the deviations from the ideal model have then to be evaluated. In fact, the e(t) answer to the wire heating ΔT(t) resultant of the Joule effect due to an electrical current i is:
where: R(t) is the instantaneous electrical resistance of the wire, R 0 is the resistance of the wire at the reference temperature T 0 , and β 0 is the temperature coefficient of the wire at 22 °C. Taking into account Eqs (6) and (7), the thermal conductivity λ may be calculated as follows:
where: de(t)/d(ln t) is a numerical constant deduced from the experimental data and from the linear part of the e(t) = f (ln(t)) curve. The DPS method is based on using an ideal plane sensor (PS). Herein, the plane sensor acts both as heat source and temperature detector, and the plane source method is arranged for a one-dimensional heat flow into a finite sample. The theory considers ideal experimental conditions: ideal heater (negligible thickness and mass), perfect thermal contact between PS and the sample, zero thermal resistance between the sample and the material surrounding the sample, as well as zero heat losses from the lateral surfaces of the sample (Karawacki et al., 1992) . If q is the total output of power per unit area dissipated by the heater, then the temperature increase as function of time is given by:
ierf is the error function (Beck and Arnold, 2003) . The principle of this method involves fitting of the theoretical temperature function given by theoretical equation over the experimental points. In situations of the best fit, both parameters λ and a can be determined. The method of fitting based on least-squares procedure was described in detail (Malinarič, 2004) . Rheological data are important in product quality evaluation, engineering calculations and process design. It is necessary to know or understand the flow behaviour in determining the size of the pump and pipe needed, as well as for energy requirements. Rheological models built upon experimental measurements can also be useful in the design of material engineering processes in connection with energy and mass balances, as the effect of processing on rheological properties must be known for process control (Sahin and Sumnu, 2006) . From the rheological parameters, it is also possible to measure the dynamic viscosity η, which is very important for liquids, and can be defined as the resistance of a fluid to flow. The unit of dynamic viscosity is Pa s. As viscous fluids tend to deform continuously under the effect of an applied stress, we can divide viscous fluids into two parts: Newtonian and non-Newtonian fluids, by applying Newton's law of viscosity:
where: τ is shear stress and grad v is the gradient of velocity (or shear rate). Fluids that follow Newton's law of viscosity are called Newtonian fluids. The slope of dependency between shear stress and shear rate, which is viscosity, is constant and independent of shear rate for this type of liquids.
Capillary flow, orifice type, falling ball and rotational viscometers are the most commonly used viscometers to measure viscosity of materials. In our work, the measurement of dynamic viscosity was performed by utilizing a Brookfield DV 2T digital viscometer. The principle of measuring using a rotational viscometer is based on dependency of sample resistance against the probe rotation. A spindle attached to the instrument with a vertical shaft is rotated in the fluid and the torque necessary to overcome the viscous resistance is measured. Different spindles are available in various sizes which may be rotated at different speeds. A suitable spindle and a rotational speed for a particular fluid are selected by trial and error. This viscometer directly provides the viscosity of Newtonian's fluids, because it is calibrated with Newtonian oils, and a range of calibration fluids is available for ascertaining the accuracy of the apparatus. It is possible to determine whether the fluid is time dependent or not by using this viscometer (Sahin and Sumnu, 2006) . A probe labelled ULA0 was used in our measurements. The frequency of probe rotation was 120 min -1 .
Electrical properties are used in many areas of human activity. They are also important in sustainable biofuel production for minimizing the environmental impact through proper plant design and control of the washing process during production (Prieto et al., 2008) . Electrical properties are the properties which characterize the transport of charge carriers in the material or propagation of electromagnetic waves in materials. The measured electrical properties include electric conductance, conductivity, electric resistance, resistivity, impedance, admittance, permittivity, relative permittivity, complex permittivity, dielectric loss angle, loss tangent and Maxwell's relaxation constant. For fuel and biofuel, researchers mainly investigate conductivity. Conductance -G (S) is the ability of the material to conduct the electric current. Herein, ions are charge carriers related to the ionic conductance, which most frequently occurs in liquids. Conductivity -s (S m -1 ) is the conductance of material related to its proportions. In our work, the conductivity of biodiesel blends was measured by using a Digital Conductivity Meter Model 1152 (Emcee Electronics, Inc.) ASTM Standard Test Method D 2624, with (1-2000) pS m -1 measurement range, 2%, and ± 1 pS m -1 measurement accuracy. The samples were heated using a Magnetic stirrer with heating IKA RCT Basic Safety Control. The conductivity was measured in the temperature range from -5 to 30°C.
RESULTS AND DISCUSSION
All results were obtained by undertaking laboratory measurements at a temperature of 22°C. All samples were first stabilised 24 h before measurement. For the thermophysical data, reliability protection was achieved by undertaking a series of one hundred measurements for every sample of diesel with RME and every thermal parameter was measured by both HW and DPS methods. Table 1 presents the average values. Standard deviation and relative standard deviation in % was calculated for every series of measurements.
The measured values of thermal parameters showed that increasing the concentration of bio-components in the fuel had significant influence on all investigated physical parameters. The lowest values of thermal parameters were detected for samples of pure diesel that were measured using the HW method. The thermal conductivity of pure diesel was (0.1472 ± 0.0002) W m and the volume specific heat was c ρ = (0.2079 ± 0.0006) 10 7 J m -3 K -1 . Of note, values of volume specific heat and effusivity for diesel samples with different RME content were not compared with the results in the literature because no prior data was found.
One of the main aims of performing thermal parameter measurements was to compare the effectiveness of the two different types of thermophysical parameter measurement methods. From the results presented in Table 1 it is evident, that the relative standard deviation of thermal parameter measurements for the HW method was from ± 0.03 to ± 0.27%, and the same relative deviations for DPS method were in the range from ± 0.06 to ± 0.86%. The results of the comparison of the two measurement methods confirmed that it is more appropriate to use the HW rather than the DPS method for the tested materials. This fact was presented in literature (Roder, 1981) , but the detected minimal differences between basic thermal parameters values showed that, with the appropriate arrangement of the measuring apparatus, both thermophysical measurement methods can be used.
In this study, dynamic viscosity (considered a basic rheological parameter) was also determined. All samples were measured through employing a heating process in the temperature range of 20-80°C. Every point in graphical dependencies in Fig. 1 was obtained as average from ten measured values for each sample of diesel with different RME content.
The data in Fig. 1 show that the dynamic viscosity of the diesel blends decreases with the increase of temperature. The progress can be described by using the decreasing exponential function Eq. (11): (11) where: η 0 is the reference value of dynamic viscosity, A is a constant, t 0 = 1°C. Coefficients of regression equation Eq. (11) and coefficients of determination are shown in Table 2 . On the basis of the presented results, it is clear that the coefficients of determination are in range of 0.9932 -0.9983.
The viscosity of liquids usually decreases with increasing temperature, and the difference in the effect of temperature on the viscosity of fluids is related to the difference in their molecular structure (Machado et al., 2012) . The temperature effect on dynamic viscosity can be described by an Arrhenius type equation:
where: η 0 is the reference value of dynamic viscosity, E A is activation energy, R is a gas constant and T is absolute temperature (Figura and Teixeira, 2007) . Eq. (11) for temperature dependence of dynamic viscosity is in good accordance with the Arrhenius equation. From Fig. 1 , it can be seen that the dynamic viscosity of diesel with an RME component is higher than that of pure diesel. In general, the dynamic viscosity of diesel increases with higher concentration of the bio component RME (Pelegrini et al., 2017) . However, we detected a difference only for diesel sample with 20 % RME content. The biodiesel blends presented Newtonian behaviour in this temperature range, and this notion is in good accordance with the literature e.g. for biodiesel from Sapindus saponaria L. (Pelegrini et al., 2017) .
Empirical or proprietary blending equations are also common for fuel blends. The best known are the doublelogarithmic equation of Refutas and the cubic-root equation of Kendall and Monroe (Zhmud, 2014) . The Refutas equation calculates the kinematic viscosity of the binary blend (11) 
where: x 1 and x 2 are the mole fraction of the components in the mixture (Zhmud, 2014) . Electrical conductivity (σ) of biodiesel blends was measured at various temperatures from -5 to 30°C. In Fig. 2 , the temperature dependency of conductivity for a blend with 65% of RME can be seen. Herein, the conductivity increases with increasing temperature, which is caused by dissociation of the molecules to ions. Biofuels with more ions have higher conductivity. A second factor is the increase of the velocity of ions. For all blends with various RME content, the conductivity increased with temperature. The present findings are in accordance with the results of Rocha and Simões-Moreira (2005) , which state that the conductivity of hydrocarbon fuels and solvents are generally temperature dependent, primarily due to changes in the mobility of the conducting species related to fuel viscosity effects.
As a model describing these dependencies, we used the following exponential regression function: where: σ 0 is the reference value of conductivity, k -a constant, while t 0 = 1°C. Equation (14) has a high coefficient of determination for all dependencies, e.g. for the curve on (15) Figure 3 shows the RME content dependency of conductivity at the temperature of 10°C. However, we found that fuel conductivity is affected by the presence of biodiesel at all temperatures.
The cubic polynomial model can be used for describing the increase of function for all temperatures:
In this, c is the RME concentration, and m, n, p, r are constants. The values of regression coefficients at a temperature of 10°C were: m = 0.0224 pS m -1 , n = 2.7203 pS m -1 , p = 115.6 pS m -1 , r = 1377.6 pS m -1 . This model has a high coefficient of determination: R² = 0.9928. We saw that conductivity increases with increasing RME content. This is caused by the different chemical compositions of diesel and RME. The polynomial model Eq. (16) could be used for determining RME content in biodiesels. A similar method was recommended by Corach et al. (2017) by using relative permittivity dependence on RME content. The electric impedance sensor for determining mass ratios in ethanol and regular gasoline blends was designed by Rocha and Simões-Moreira (2005) . CONCLUSIONS 1. The thermophysical properties of various diesel and rapeseed methyl esters blends were measured by two methods -hot wire and dynamic plane source.
2. A comparison of the results of the two measurement methods confirmed that for liquid materials, application of the hot wire method is more appropriate.
3. The dynamic viscosity of diesel blends decreases with increasing temperature. The progress can be described by utilizing the decreasing exponential function.
4. The results of our study can be used for dynamic viscosity of blend calculation according to the Arrhenius mixing equation.
5. For all blends with various rapeseed methyl esters content, the conductivity increases with increasing temperature. In modelling this, we used an exponential regression function.
6. The temperature dependencies of dynamic viscosity and conductivity are in good accordance with the Arrhenius equation.
7. Conductivity increases with increasing rapeseed methyl esters content in diesel blends. The cubic polynomial model can be used for describing the function for all temperatures. Moreover, the polynomial model Eq. (16) could be used for determining rapeseed methyl esters content in diesel.
